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ByJosephMarinandH.A. B.Wiseman

SUMMARY

Themainpurposeof thisinvestigationwasto determinethevaliditiy
oftheplasticitytheoriesandthecorrectnessofvariousassumptions
madeinthesetheories.Forthispurpose,plasticstress-strain
relationsforbiaxialtension-compressionprincipalstresseswere
determinedfora lkS-T4aluminumalloy.Thecombinedtensionandcom-
pressionprincipalstresseswereproducedby subjectinga thin-walled
tubularspecimentoaxial.tensionandtorque.

Toprovidecontroldataandinformationontheinfluenceofbiaxial
stresseson strength,theusualconstant-stress-ratiotestsweremade.
Thesetestsshowedthatthebiaxialyieldstrengthagreesbestwiththe
distortion-energytheory.Ductilityandfracturestrengthscouldnot
be determinedbecausefailurewasproducedinmostcasesby buckling.
Theseconstant-stress-ratiotests,coveringprincipalstressratios
fromO to -1.0,showedthattheplasticstress-strainrelationsagree
approximatelywithboththedeformationandtheflowtheories.

Sincetheconstant-stress-ratiotestscannotdistinguishbetween
theflowanddeformationtheories,variable-stress-ratiotestsand
specialbiaxialtestswereconducted.

Ina secondtypeof test,theaxialtensileloadwasfirstapplied
to thetubularspecimensoastoproducea selectedplasticstrain
value.Thetorqueloadwasthenappliedtothespecimen,therebypro-
ducinga variableprincipalstressratiowithincreaseintorqueload.
Testswereal-somadeinwhichthetorqueloadwasfirstappliedfollowed
by theaxialtensileload.Theresultsof thesevariable-stress-ratio
testsdo notagreewitheitherthefloworthedeformationtheories.
However,fortwotestswithdifferentpathsof loadingbutthesame
finalstateof stress,theresultantstrainswerenotthessme.This
differenceinstrainlendssupporttotheflowratherthanthedeformation
theory,sincethelattertheoryrequiresthatthesestrainsbe equal.
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In a thirdtypeoftest,tensilestresswasfirstappliedinthe
axialtirectionto specifiedstrainvalues.Thetensilestresswas
thencompletelyremovedandtorsionalstresswasthenapplied.Tests
werealsoconductedwiththetorsionalstressfirstappliedfollowed
by theaxialtensilestresses.Thisgnoupoftestsshowedthatthe
assumptionof“isotropicstrain-hardening”isnotvalid.

A fourthtypeoftestwasmadeto checkthevalidityofthe
assumptionthatthedirectionsofprincipalshearstressesandprincipal
shearstrainscoincide.Thischeckwasmadebymeasuringtheprincipal
straindirectionsby theuseof strainrosettesandcomparingthese
directionswiththedirectionsoftheprincipalstressesduringa
loadingconditionwithvariablestressratio.Thesetestsindicatethat
theprincipalstressandstraindirectionsdonotcoincidebutthatthe
strainsinthedirectionsoftheprincipalstressarewithinabout
2.5percentoftheprincipalstrainvalues.

INTRODUCTION

Mostcombinedplasticstress-strainrelationshavebeendetermined
forconditionsinwhichtheprincipalstressratioremainsconstantin
a test. Suchtestscannotbe usedtodeterminewhichtheoryisthe
mostsuitable.Furthermore,constant-stress-ratiotestscannotbe used
to determinethevalidityoftheassumptionsmadein thevarious
theories.Theydo notdistinguishbetweendeformation-andflow-type
theories.1 Thetestsin thisinvestigationweremadeinanattemptto
filltheseneeds.

Theresearchdescribedinthisreportwasperformedinthe
Plastici~LaboratoryofThePennsylvaniaStateCollegeunderthespon-
sorshipandwiththefinancimassistanceoftheNationalAdvisory
CommitteeforAeronautics.Dr.S.B. Batdorfandhisassociatesatthe
LangleyAeronauticalLaboratorygavemaw helpfulsuggestionsin the
planningofthisresearchprogram.Messrs.H.A. B.Wiseman,L.W. Hu,
Yoh-HanPao,andW.P.Hughes,researchassistants,conductedthetests.
Mr.H.A.B. Wisemanalsocomputedthedataandplottedthegraphs.
Thetestingmachine,specialstraingage,andspecimensweremadeby
Messrs.S. S.Eckley,L. H.Johnson,andI.Bjahe. Theassistance
givenby theNACAandtheforegoingindividualsinmakingpossiblethis
investigationis greatlyappreciated.

%hen referenceismadetotheflowanddeformationtheories,the
simpletheoriesbasedontheoctahedralshearstressandstrainare
intended.

—— — —
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SYMBOLS
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D

d

E

ex

‘Y
el)ez

L

Lo

Mt

P

t

a

7~ ‘

%Yp

6*
P

plastici~modulus,psi

originalinternaldiameteroftubularspecimen,inches

Young’smodulusofelasticity,psi

nominalaxialstrain,inchesperinch

nominalradialstrain,inchesperinch

maximumandminimumprincipalstrains,respectively,
inchesperinch

elasticmaximumandminimumprincipalstrains,
respectively,inchesperinch

EPERlengthatanyt@, inches

originalgagelength,inches

torqueload,inch-pounds

axial.tensionload,pounds

originalwallthicknessoftubularspecimen,inches

principalstressratios

principalstraindirection

trueshearstrain,inchesperinch

nominalshearstrain,inchesperinch

trueplasticshearstrain,inchesperinch

measuredaxialstrains,inchesper,inch

significantstrain,inchesperinch

trueaxialstrain,inchesperinch

truep~asticaxialstrain,inchesperinch
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P

a

7

ax

ax‘

aY

al>‘J2

ale>a2e

al-y’‘a

‘w

‘w ‘

yrincipalstressdirection

angleoftwistin2-inchgagelength,degrees

truestressin simpletension,psi

significantstress,psi

trueaxialstress, psi

nominalaxialstress, psi

yieldstressin simpletension

maximumandminimum

elasticmaximumand
respectively,psi

maximumandminimum
respectively,psi

principalstress,respectively,psi

minimumprincipalstresses,

yieldprincipalstresses,

trueshearstress, psi

nominalshearstress,psi

TESTPROCEDURE

MaterialTestedandSpecimens

Thematerialtestedwasanaluminumalloydesignatedas14-S-T4.
Thematerialwassuppliedintheformofhot-rolledmachinedcylinders,

i’~incheslongwitha 1~-inchoutsidediameterandan11/16-inchbore.

Thenormalcomposition,in additionto aluminumandnormalimpurities,
consists-of4.4percentcopper,0.8percentsilicon,0.8percent
manganese,and0.4-percentmagnesium.TheResesrchLaboratoriesofthe
AhiminumCompanyofAmericasuppliedcontroldataontheyieldstrength,
tensilestrength,andductili~.These.datawereobtainedprimarilyto
provideinformationon thedegreesofanisotropyofthespecimens.For
thispurpose,specimenstakenfromthecylindersweretestedinthe
axial,lateral,anddiagonaldirections.Theaveragevaluesofthe
propertieswere:Yieldstrength,36,300psi* 10.4percent;tensile
strength,61,500psi* 2.8percent;andelongationin4 diameters,
21.4percent+ 4.5percent.Thedatasuppliedshowedthatonlyabout

—— —z——. _ ___ ._
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one-halfthepercentagevariationsinstrengthwereduetoanisotropy,
theremainingdifferencesbeingdueto normalvariationsinthematerials.

Thedimensionsof themachinedspecimenaregiveninfigure1.
Boththeinsideandoutsidesurfacesofthespecimensweremachined.
Thewallthicknessofthetubularspecimenswasmeasuredusingthe
ap~atus describedinreference1. Theratioofthewallthickness
to diameterwasselectedsoas todelaybucklingasmuchaspossible
andat thesametimetoyieldan essentiallyuniformstressdistribution
throughoutthewall.

TestingMachine

Thespecialtension-torsionmachine,as showninfigure2,was
rebuiltto conductthetestsdescribedinthisreport.Theaxialtensile
loadisappliedtothetubularspecimenS bymeansofthehydraulic
jack H throughthepullingrod R. Theaxialloadismeasuredby the
dynamometerDa usingSR-kgages.Thetwistingmomentisappliedby
a 3/4-horke~er,direct-currentmotorM andspeedreducerSR.
Variationinrateofapplicationoftorqueloadisprovidedby a
rheostatRH anda motor-generatorset. A disk D isattachedto
thelowerpartofthespecimentowhichcablesC areconnectedpassing
overfrictionlesspulleystothebar B. Thetorqueismeasuredby the
calibratedbar B using=-4 strain-gagereadingsas indicated.A
2000-pounddial-typedynamometerDt isattachedto thebar B to
checktheforegoingtorquevalue.

TheSR-4indicatorsI andswitchingunit SW formeasuringthe
loadsandelasticstrainsareshowninfigure3.

MethodofMeasuringStrains

A specialmechanical-typestrain.gagewasdesignedforthemeasure-
mentsofplasticanglesoftwistandaxialstrainsas showninfigure4.
Attemptsweremadetodevelopa self-recordinginductiontypeof strain
gageformeasuringanglesoftwistandaxialstrains.Thislatter-@pe
gagewasabandonedsinceitcouldnotbemadeto givereproducible
results.By themechanicalgageinfigure4,axialstrainsweremeasured
fora 2-inchgagelengthby thetwoO.0001-inchdialsplaced180°apart
(fig.4). Theanglesoftwistweremeasuredfora 2-inchgagelength
by thetwistmeterpartofthegageshowninfigure4. Attachmentofthe
straingagetothespecimenduringplasticflowwasmaintainedbyrods
whichbearonthespecimenatoneendandareconnectedbypreloaded7, springsto thestraingageattheotherend. By adequateinitialspring
pressure,thegageremainedattachedtothespecimenwithoutslipping

d evenincaseswherethespecimenhadConsiderablereductionindiameter.

.— ___— — — —
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MethodofTesting

Thespecimenisfirstassenibledinthetestingmachinewiththe
elasticSR-4gagesandthespecialmechanicalgageas showninfigure4.
Incrementsofaxialtensileloadandtorquearethenappliedaspre-
scribedby theparticulartest.Foreachloadincrementapplied,axial-
strainandangle-of-twistreadingsarerecorded.

CONSTANT-STRESS-R&TIOTESTS

Plasticstress-strainrelationsforvariousconst&tvaluesofthe
biaxialstressratioswereobtainedtoprovideinformationonthe
influenceofbiaxialstressesontheplasticstress-strainrelations
andontheyieldstrength.

ConventionalStress-StrainResults

Theaverageconventionalstiess-straincurvesforvariousprincipal
stressratiosandfortheaxialandshearstresscomponentsareshown
infQures5(a)and~(b).Thevaluesofthenominalaxialandaverage
shesrstressesusedinfigure5 wererespectivelydeterminedby

where

P

%

d

t

Uxl = P
fit(d+ t)

,
and

2MtT=l.
fi(d+t)2

2Mt.
‘“fidt(d+ 2t)

axialload

twistingmoment

internaldiameterof specimen

wallthickness

“ (1)

(2)

.

.
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The
termsof

where

~~) 52X

Lo

P

.

nominalaxialandshearstrainsfortheabovestresses,in
themeasuredstrainsare,respectively,

%x + @xex .
2L0

J( (d+t)p_—
‘~’ - 360 Lo

(3)

(4)

measuredaxialelongationsonoppositesidesof spectiens

gagelength

angleoftwist,degrees

Theshearstrainatthecenterlineof thetubewallisusedindefining
theshearstraininequation(4),sincethismeasureofstrainiscon-
sistentwithusingtheaverageshearstressdefinedby equation(2).

Theinitialelasticpartofthenominalstress-straindiagramsis
showninfigures6(a)and6(b)forthemaximumandminimumnominal
principalstressvalues.Thevaluesofthenominalprincipalstresses
andstrainsusedforplottingfigures6(a)and6(b)havebeenshownto
be,respectively,

1‘le ex+ey+l=
ese 2 F-~(%- ey)2 + (7W’)2

(5)

(6)

To defineelasticfailureoryielding,theyieldstrengthinsimple
tensionwillbe determinedbasedonan offsetstrainof0.002inch
perinchas showninfigure6. Forcombinedstressesan equivalent
offsetstrainvaluewasusedtodetermineyieldingasdefinedinrefer-
ence2. Valuesofthesebi=ialyieldstrengths(basedon fig.6) are
shownintable1 forvariousstressratios.

...—— --— ——— –—
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PlasticStress-StrainResults

To determinetheplasticstress-strainrelations,thechangesin
thedimensionsofthespecimensmustbe consideredandthetruestresses
andstrainscalculated.Figures7(a)and7(b)givetheaveragetrue
plasticstress-strainrelationsconsideringthechangeingagelength
anddimensionsintheplasticrange.Thevaluesofthetruestress
componentsintermsofthenominalstressescanbe showntobe (refer-
ence3), respectively,

“x= “X’P + ‘x)

‘w=‘Xy’(’‘‘+3’2
Reference3 alsoshowsthatthetruestraincomponents
thenominalstrain~, is

‘x = loge(1+ex)

(7)

(8)

Gx,in termsof

(9)

Thetrueshearstrain

if d + t isassumed

by equation(k)is YW = fl~(d+ t)/(360L).Then

toremainconstant,Yn/7W’ = Lo/L or
.

7.y‘
%=l+ex (lo)

Theassumptionsusedinobtainingequation(10)leadtoerrorswhichare
withinexperimentalerrors.Thetruestressesandstrainsusedin
plottingfigure7

A comparison

arethosedefinedineqpations(7)to (10).

AnalysisandDiscussion

oftheexperimentalandtheoreticalvaluesofthe
yieldstrengthforvariousbiaxialstressratiosisgiveninfigure8.
Thetheoriesshowninfigure8 includethedistortion-energyandshear
theories.A thirdtheoryby Prager(reference4)wasconsideredbut
wasnotincludedinthisreportsincethetheoryis semiempirical.A
comparisonofthetheoreticalvaluesandthetestresultsshowsthatthe
yieldstrengthscanbe definedbetterby thedistortion-energytheory
thanby thesheartheory.Theinfluenceofcombinedstresseson the
fractureandultimatestrengthscouldnotbe determinedsincemostof
thespecimensfailedbybuckling.Inallthetestresultsgivenin
thisreport,failureby bucklingoccurredunlessotherwisestated.A

*
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comparisonof

9

thedeformationtheoryandexperimentalresultswasmade
by plottingthesignificantstress-strainrelations(reference~),where
thesignificantstressandstrainare,respectively,

(n)

(12)

It shouldbe notedthatequation(12)givesan approximatevalue
forthesignificantstrain,sinceit isassumedinequation(12)that
theplasticstrainsarerelativelysmall.Valuesofthestraincorn.
ponentsusedincalculatingthesignificantstrainaretheplastic
strainsorthetotalstrainslesstheelasticstrains.Figure9 gives
thesignificantstress-strainrelationsforvariousprincipalstress
ratios.Bythedeformationtheoryandalsoby theflowtheoryallthese
relationsshouldcoincidewiththesimple-tensionplasticstiess-strain
relation.An examinationoffigure9 showsthattherelationsagree
approximatelyandthatthedeformationorflowtheoriesare,therefore,
goodapproximationsfordefiningthesignificantstress-strainrela~ions
forconstantstressratios.Infigure7 theplasticstress-strain
relationsarecomparedwiththevaluespredictedby thedeformation
theory.It shouldbe recalledthatforconstantstressratiostheflow
theoryanddeformationtheoryareidentical.Figure7 showsthatthe
deformationtheorygivesa reasonableapproximationtothetestresults.

Inplottingthetheoreticalstressandstrainvaluesin figure7
thefollowingprocedureisused. It isfirstnotedthatby thedeforma-
tiontheorytheplasticstraincomponentscanbe showntobe (reference~)

and

37WP = ~Tw

(13)

(14)

where D istheplasticitymodulus.Thetotalstrainsintermsofthe
stresscomponentsthenbecome

ax axex=—+qj-E (15)

-.. -.-._. —_ ._. .— — —z— . .
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.

(16)

Fromequations(11)and(12)forsimpletension

equation(13)forstipletensionu/Gp= D,or

——
cr/G= D

Equations(n), (13),(14),and(17)cannowbe
theoreticalstress-strainrelations.Forgiven

(17)

usedtofindthe
valuesof ax and TW,

F canbe foundby equation(n). Usingthesimple-tensionplastic
stress-strainrelationinfigure9 fora givenstressif thestrainF
canbe foundfromthecurveand D . 6/6 determined.With D known,
thetheoreticalstrainscanbe calculatedlyequations(13) and(14)and
thetheoreticalstressandstraincomponentsmaythenbe plottedas
showninfigure7.

Inorderto showwhethertheratiosoftheprincipalshearstresses
to theprincipalshearstrainsareequal,asassumedby thedeformation
theory,valuesoftheLodevariablesI-Iand v werecomputed
(reference5) andplottedas shqwninfigure10. Thetheoryrequires
thattherebe a straight-linerelationbetweenv and V butfigure10
showsthatthetestdatadepartappreciablyfromthisstraight-line
relation.It shouldbe notedthatthevaluesof v and V plottedin
figure10areonlyapproximate,sinceintheexpressionsusedforthese
quantitiesitwasassumedthatthe
remainedconstant,andtheplastic

VARIABUZ-STRESS-RATIO

materialwasisotropic,
strainswererelatively

TESTSWITHOUTUNLOADING

thevolume
small.

Theforegoingconstant-stiess-ratiotestscannotdeterminewhether
thedeformationortheflowtheoryagreesbetterwiththetestresults,
sinceforconstantstressratiosthetwotheoriescoincide.Forthis
reason,variable-stress-ratiotestswereconductedby applyinga stress
inonedirectionfollowedby stressingintheotherdirection.Twosets
ofvariable-stress.ratiotestswereconducted:SetA, inwhichanaxial
tensilestresswasappliedfollowedbytwistingmoment,andsetB, in
whicha twistingmomentwasappliedfollowedby axialtension.Inboth
seriesoftes-ts,variousinitialamountsof strainingintheplastic
rangewereused.Nominalstress-straindia~amsforboththeaxialand
torsionalstressesareshowninfigures11and12. Themannerofloading .,

.
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and
and
and

theamountofinit@luniaxialstressandstrainarealsoshown
thestageofloadingisindicated,by pointslabeledPo,Pl,
P*.

A comparisonoftheactualtrueplasticstress-strainrelations
withthetheoreticalrelationsasgivenby thedeformationandflow
theoriesfortestsofbothsetA andsetB isshowninfigures13and14.
Thedeterminationof thetheoreticalvaluesforthedeformationbased
ontheuniaxialtensiontestresultsisdescribedabove.Thetheoretical
valuesbasedontheflowtheorywerecomputedina mannersimilarto
thatdescribedbyShepherd(reference6). Fromfigures13 and14,no
definiteconclusioncanbemadeas towhichtheoryagreesbetterwith
theactualtestresults.Figures13and14,however,do showthatthere
isbetteragreementbetweeneithertheoryandthetestresultsforthe
rangeof smallstrainsthanforlargestrains.

Theforegoingvariable-stress-ratiotestscanalsobe usedto
distinguishbetweenthedeformationandtheflow-twetheory.Inorder
tomaketheforegoingdistinctions,theloadingpathSusedinthetests
willfirstbe summarizedas indicatedinfigure15. Infigure15one
setoftests,designatedas setA, correspondstoloadingin theaxial
directiontoa stressax correspondingto specifiedoffsetstrain
values(forexample,asrepresentedby wtit B)andthenloa~ngto
points1,6, IL, 16,md 21 intorsion.Anothersetof tests,designated
as setB, correspondstoloading,forexample,intorsiontoa stress
T~ = Gx/2 asrepresentedby Wtit A andthenloadingtopoints1, 2J
3,4,and5 inaxialtension.Thevaluesusedwereequaltothose
usedforsetA. Accordingtothedeformation-typetheory,theaxial
andtransversestrainscorrespondingtopoint1 arethesame,regard-
lessofwhethertheloadingpathwasOAlorOB1. Thefirstlinein
table2 showsthestrainsintheaxialandtransversedirectionsfor
eachpathofloadingandthepercentagedifferenceinthesestrains.
Table2 alsoshows.thepercentagedifferenceforpoin%s1 to25. The
percentagedifferencein strainsforthetwodifferentpathsofloading
lendssupportto theflow-typetheoryratherthanthedeformation-type
theory.Thisappearstobe thecorrectconclusionsincethelarge
percentagedifferencesinstraingivenintable2 cannotbe explained
by theanisotropyofthematerial.

SPECIALUNLOADINGTESTSTOCHECKASSUMPTION

OFISOTROPICSTRAIN-HARDENING

Itisassumedin
prestrainingwillnot

..

theisotropiclinearflowtheoriesthatinitial
produceanisotropy.Inotherwords,itisassumed

...—. —— —-—--.——.—.— .-— — —.—— –-———— —-
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thatisotropicstrain-hsrdeningoccurs.To determinetheaccuracyof
thisassumptiona testwasmadeinwhicha specimenwasstressedfirst
intheaxialtirectiontoa specifiedstrainvalue.Thisaxialstress
wasthenremovedandthespecimenwasthenstressedintorsionuntil
failureoccurred.Anotherspecimenwasinitiallystressedintorsion
to anequivalentinitialstrainvalueasusedinthefirstspecimen.
Thetorsionalstresswasthenremovedandaxialtensionstresswas
appliedto failure.Fortheassumptionof isotropicstrain-hsrdening
tobevalid,thesignificantstress-straincurvesforeachofthefore-
goingtestsshouldcoincide.

Testsweremadeasdescribedintheforegoingdiscussionforfour
initialsignificant
0.04inchperinch.
areshowninfigure
intorsion,nominal
obtained.

strains ofvalues7 = 0.005,0.01,0.02,and
Thenominalstress-strainrelationsforthesetests
16. Forthetestresultswiththeinitialstress
stress-strainrelationsas giveninfigure17were

Truestress-strainrelationscorrespondingtothenominalstress-
strainrelationsinfigures16 and17areshowninfigure18. Basedon
thetruestress-strainrelationsinfigure18andusingtheequationsfor
thesignificantstressandstrain,thesignificantstress-strainrelations
plottedin figure19wereprepared.Comparisonscanbemadeinfigure19
betweentestswiththesameamountof initialprestrainingwherethepre-
strainingwasindifferentdirections.A comparisonofthegraphsin .
figure19 showsthattheassumptionof isotropicstrain-hardeningdoes
notappeartobe valid.Theconclusionbasedon figure19,however,may
notbe conclusivesincetheinitialanisotropyofthematerialisnot
consideredinthesegraphs.Toeliminatetheinfluenceoftheinitial
anisotropy,figures20(a)and20(b)werepreparedshowingthesignificant
stress-strainrelationsforaxialtensionandcircumferentialtension.
Sincethesignificantstress-straindataforthespecialtests,donot
fallbetweenthesimple-tensionstress-straincurvesinfigure20,it
appearsthattheassumptionof isotropicstrain-hardeningdoesnotapply.

SPECIALTESTSTO CHECKASSUMPTIONTHATDIRECTIONSOF

PRINCIPALSTRESSESANDSTRAINSCOINCIDE

Testswereconductedto determinewhetherthedirectionsofthe
principalstressesandstrainscoincideduringplasticflowundercon-
ditionswheretheprincipalstressratiovaries.Forthispurposetwo
testswereconducted,oneinwhichaxialtensionwasappliedtoa
specifiedamountfollowedby torsionandtheotherwheretorsionwas
appliedfollowedby axialtension.Inbothtests,anSR-4strain
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rosettewasusedto
cipalstrains.For
stressescouldalso

13

measurethemagnitudesanddirectionsoftheprin-
eachloadincrementthedirectionsoftheprincipal
be calculated.Theanglesshowninfigure21 define

thedirectionsofprincipalstressandprincipalstrainforeachtest
andforvariouspointsduringloading.Thedifferenceintheangles
showninfigure21 indicatesthatthedirectionsoftheprincipalstress
andstraincannotbe assumedto coincide.However,theresultingerror
inmakingthisassumptionmaynotbe importantas showninfigure22.
Figure22 showstheerrorinprincipalstrainvaluesassumingprincipal
strainstobe inthedirectionoftheprincipalstresses.Thepercentage
differencebetweenthestrainvaluesis smallandamountsto a maximum
of2.5percent.

CONCLUSIONS

Forthe14-S-T4aluminumalloytestedundercombinedtensionand
torsionthefollowingconclusionscanbemade:

1.Constant-stress-ratiotestsshowapproximateagreementbetween
actualplasticstress-strainrelatiomandthosepredictedby theflow
anddeformationtheories.

2.Variable-stress-ratiotestresultsdonotagreewitheitherthe
floworthedeformationtheory.

3. Vsriable-stress-ratiotestsusingdifferentpathsofloading
butresultinginthesamefinalloadingconditionshowdifferentfinal
strainsandhencethesetestssupporttheflowtheoryratherthanthe
deformationtheory.

4.Specialunloadingtestsindicatethattheassumptionofisotropic
strain-hardeningisnotvalid.

5. Variable-stress-ratiotestsweremadethatshowedan appreciable
differencebetweenthedirectionsoftheprincipalstressesandstrains.
However,thestrainsinthedirectionsoftheprincipalstressesagree
wellwiththeprincipalstrainvalues.

ThePennsylvaniaStateCollege
StateCollege,Pa.,September1,1951

— ——— -.— ~.—.— - —.— —— ——— ..—-- –-
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TABLE1

YIELDSTRESSESFCIRVARIOUSRATIOSOFBIAXIAIIS’ITUBSES

Stress Minimum Stressratios
rat~o, principal principal

02 yieldstress, yieldstress, %x=— %
R =—

al % % ‘Y
Y=ay

0 35,600 ------- 1.00 0

-.20 32,4-00 -6,600 .91 -.19

-*46 25,300 -IL,600 ‘ .“71 -.33

-.73 22,700 -16,500 .64 -.46

-1.0 21,200 -Zll,200 .60 -.60

‘=&=

——— -..—— —.—— .. .. ..— —. -——- —.
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TABti2

COMPARISONOFTRUESTRAINSUSINGDIXEWZNTLOADINGPATHS

Trueaxialstrain Trueshearstrain
(h./in.) (in./in.)

?oht Difference Difference
SetA SetB SetA SetB

Ill./in.Percent In./in.Percent
(1) (2) (3) (1) (2) (3)

1 0.004Q0.00520.001.223 0.00490.00830.003441
2 .0052.0067.001522 .0056.0097.004142
3 .0082.oIJ_6.003429 .0078.0133.005541
4 .0262.0370.010829 .0260.0209-.0051-24

●0319.0424.010525 .0309.0350.004914
; .0041.0056.001528 .0063.0092●0029 32

.0052.0081.002936 .0079.0107●0028 26
: .0085.0122.003730 .0120.0146.002618
9 .0290.0389.009925 .0353.0233am -52
10 .0352.0441.008920 .0419.Ozll -99
Id .0050.oo~ .002735 .0088.0149.006141
12 .0069.0115.004640 .0111.Olflo.006938
13 .0108.0159.(X)5132 .0261.0221-.0040-18
14 .0361.0461.010022 .0441.0325-. oI_16-36
15 .0435.0501.0066 .0519.0296-.0223-75
16 .0072.0138.0066ii .0165.0310●0145 47
17 .0101.0200.0099w .0204.0377.016343
18 .0163.0253.009036 .0295.0419.012430
19 .0323.0634.031149 .0723.0568-.0155-27
20 .0381.0637.025640 .0830.0562-.0268-48
a .0103 .0154 .005133 .0252.0359.010730
22 .0139.0226.008738 .0307.0440.013330
23 .0205.0280.007527 .0415.0480.006514
24 .0499.0784.028536 .0875.0638-.0237-37
25 .0588.0675.008713 .og’@.0652-.0326-50

lInitisXlystressedin Ux direction. v

.

.

21nitialJystressedin Tw direction.
3pwcentWe~fferencesshow arebasedon setB strainvalues.
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(a)Nominalaxialstressandstrain.

Figure5.-Stress-strainrelationsforconstant-stress-ratiotests.
F denotesfracture.
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Figure5.-Concluded.
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Elastic stress-strain relations for condant-stress-ratio tests.
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Figure 6.-Concluded.
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(a) Tme axial stress and strain.

Figure ~.- Comparison of true plastic stress-stratirelations with
deformation theory for constant stress ratios. .0
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Figure 7.. Conclude&.
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Figure Il.- Nominal stress-strainrelations for variable-stress-ratiotests.
F denotes fracture.
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(b)Set A, test 2.

Figure 11.- Continued.



(c)SetA, test 3.

Figure Il.- Continued.
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(d) Eat A, test 4.

Figure IL.- Continued.



(e) Set A, test 5.

Figure Il.- Concluded.
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(a) Set B, test 1,

Figure 12.- Nomlnal stress-strain relations for variable-stress-ratio tests.
F denotes fracture.
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(b) set B, test 2.

FiW 32.- continued.
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Figure 12..Continued.
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(d) Set B, test 4.

Figure 12.- Continued.



I

I

I

a

I

go

“< .

1
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Figure 12.- Concluded.
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(a) Set A, test 1.

Figure 13.- Comparison of true Stress-strdn diagrams with plastici~ theories
for variable-stress-mtio tests.
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(b) Set A, test 2.

Figure 13.- Continued.
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(e) Set A, test 5.

Figure 13. - Concluded.
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(b) Set B, test 2.

Figure 14.- Continued.
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(c) Set B, test 3.

Figure 14.- Continued.
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Figure16.- Concluded.
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(a) Set D, test 1.

Figure 17. - Nominal stress-strain relations for special test.
F denotes fracture. Ln
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(b) Set D, test 2.

Figure 17.- Concluded.
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(a) set c.

Figure 18. - hue stress-~rati relations for special tests.





1-
.

80X103

Ow o 0 0

.SJGNIFCANT STRAIN, In./In. =&=

Figure 19. - Comparison of significant drew-strain relations for special

te8tB. Sets C and D.



80XI03

?U

/ “-

/ “

.!

60
/ -- - - d A

~ la& 0
aJ

O& ● 0

50 — — — — * -1 aA, ,

c)

u

z A < n
a d b 0

● n

> C16 = Qoos In./in.
u~

LOADING PATH

A g a’ O*OI In,/ h,

w B ● g E o.o~ Win.

D 05 * 0,04 inhl.

m

, ~

ox” (Ux )~w

— — -LO (PURE TORS40N)

_ O (SltdPLE TENSION)
Cxy

—— m LATERAL SET C
10

*

“=5= -

0 .01 ,02 .03
I

.04 Km .06 m .00 .09 JO .11 J2

W3NIFICANT STRAIN, In/h

(a) Set C.

Figure 20.- Comparfson of significant stress+train relations for special tests.



I
1

I
1

I

Soxl&

/- w “Eli
70 — — — — — — — — — — — — — — — — — — — ~ 5=--

60

60 n

E.
(>

A 6 s 0.01 In/ h ax

0“ 06 = 0,04 Win

: —— m UJTERAL

$! ~. —— ‘1O (RJRE lWSlCt4)

SETD
10

.
.0 I ,02 ,0$ JX .08 .06 m .00 ,09 .10 .11 .12

SIGNIFICANT STRAIN, In./In.

I (b) F-etD.

Figure 20.- Concluded.



I

II Im’tn

I-H
I I 1 I k

B- e

.

I I I I I I I Iz !, * I I , ! I I
1

/
ii

<

- .
m ‘ B- (0- )

/ -.
--- .

I I
o mmmmno .OK .014 .UL9 m azo o -.OIZ -.m -m -m -.ao @m TOM Yom

- ‘ - -– . _ _ _ .
I

- B- [Q- fl
-

i: 1 I

f’

. t

PmcFAl STRm, e,, Wbt PmuwL q*, b-L/k
-

FiP 21.- Comparison of principal strain snd stress Urections.

s



PRINCIWL Sl?W3,q, WI

5.0 -10 -20 -80 -40 -50X I

40

30

2P o

l-m m— -m.
> T mT -ST RES8 q

+ ‘

.
c

-

0 e

,4 xl ,-, .— .,m - ‘2

u) Cj /

T Err 4- s- “RfSf up \& Ic1

10 -20
PRINCIPAL STRESS, q ,

I I I I I Ir?wl I I

m)

Ps I

40

Figure 22. - Difference between principal strein and strain in direction
of principel Btreas.

50XI03

i=

1 m
P


